Abstract Nonalcoholic fatty liver disease (NAFLD) is a liver manifestation of metabolic syndrome. Overconsumption of high-fat diet (HFD) and increased intake of sugar-sweetened beverages are major risk factors for development of NAFLD. Today the most commonly consumed sugar is high fructose corn syrup. Hepatic lipids may be derived from dietary intake, esterification of plasma free fatty acids (FFA) or hepatic de novo lipogenesis (DNL). A central abnormality in NAFLD is enhanced DNL. Hepatic DNL is increased in individuals with NAFLD, while the contribution of dietary fat and plasma FFA to hepatic lipids is not significantly altered. The importance of DNL in NAFLD is further established in mouse studies with knockout of genes involved in this process. Dietary fructose increases levels of enzymes involved in DNL even more strongly than HFD. Several properties of fructose metabolism make it particularly lipogenic. Fructose is absorbed via portal vein and delivered to the liver in much higher concentrations as compared to other tissues. Fructose increases protein levels of all DNL enzymes during its conversion into triglycerides. Additionally, fructose supports lipogenesis in the setting of insulin resistance as fructose does not require insulin for its metabolism, and it directly stimulates SREBP1c, a major transcriptional regulator of DNL. Fructose also leads to ATP depletion and suppression of mitochondrial fatty acid oxidation, resulting in increased production of reactive oxygen species. Furthermore, fructose promotes ER stress and uric acid formation, additional insulin independent pathways leading to DNL. In summary, fructose metabolism supports DNL more strongly than HFD and hepatic DNL is a central abnormality in NAFLD. Disrupting fructose metabolism in the liver may provide a new therapeutic option for the treatment of NAFLD.
There is a worldwide epidemic of obesity, type 2 diabetes, and metabolic syndrome [1, 2] . Nonalcoholic fatty liver disease (NAFLD) is a liver manifestation of metabolic syndrome, and it is estimated to affect 1 billion individuals worldwide [3] . While host genetics, western style diet, and components of the gut microbiome contribute to the development of obesity and NAFLD, positive energy balance, driven by increased caloric intake and decreased activity, is a prerequisite. Consumption of high-fat diet was initially believed to be the primary driver of obesity epidemic, as its consumption has increased over the last century. As a product of intense research, public awareness, and policy changes, total intake of fat has stabilized in the last 30 years, and the percentage of calories ingested from saturated fat has decreased [4] . Notwithstanding, the prevalence of obesity and NAFLD has not improved & C. Ronald Kahn c.ronald.kahn@joslin.harvard.edu pointing to the importance of other dietary or environmental drivers. As low-fat foods became more highly sought after, the food industry has replaced these calories by another highly palatable energy source, the refined sugar. Thus, even more dramatic than the increase in dietary fat has been an increase in dietary fructose intake over the same time period. Before 1900, Americans consumed approximately 15 g of fructose per day (4 % of total cal), mainly through consumption of fruits and vegetables. By 1940s, fructose intake had increased to 24 g per day (5 % of total cal); by 1977, it was 37 g per day (7 % of total cal); and by 1994, 55 g per day (10 % of total cal) [5] . Adolescents today consume 15 % of total calories from refined sugar and 10 % of population consumes 25 % or more of their total calories from refined sugar [6] . Food consumption survey data from the United States Department of Agriculture, reported by the National Health and Nutrition Examination Survey (NHANES) program between 1971 and 2004, indicated that the observed increase in total energy intake is accounted almost entirely by increased carbohydrate consumption [5] . In spite of substantial increase in sugar intake and fructose in particular, there is a lack of in depth understanding of fructose metabolism and its consequences on health.
Nonalcoholic fatty liver disease is defined as excessive hepatic lipid accumulation in individuals who have no apparent liver disease and whose alcohol intake is less than 30 g per day for men and 20 g per day for women (*10 g of alcohol per one drink unit) [7] . As estimated histologically, the fat concentration in hepatocytes is normally less than 5 %, with amounts exceeding this threshold being classified as steatosis [8] . Whereas excessive accumulation of triglycerides (TG) in hepatocytes is a hallmark of NAFLD, this may not be pathogenic, as NAFLD may be reversible with weight loss and exercise. However, steatosis with elements of hepatocellular death and inflammation is termed nonalcoholic steatohepatitis (NASH), which may progress to fibrosis, cirrhosis, and liver failure.
NAFLD is the most common cause of elevated liver enzymes and is the third most common indication for liver transplantation [9] . NAFLD correlates strongly with other parameters of metabolic syndrome, such as insulin resistance and cardiovascular disease. In fact, cardiovascular disease represents the most common cause of death in patients with NAFLD and NASH ( [10] [11] [12] [13] reviewed in [14] ). Increased consumption of sugar-sweetened beverages is linked with development and progression of NAFLD, but also it is associated with development of obesity [15] , type 2 diabetes mellitus [16, 17] , dyslipidemia [18] , and cardiovascular disease [19] .
Hepatic De Novo Lipogenesis
Hepatic lipid accumulation may be a product of hepatic de novo lipogenesis (DNL), esterification of plasma free fatty acids, or increased dietary fat intake. Dietary lipids and esterification of plasma free fatty acids do play a role in development of NAFLD. Dietary intake of high-fat diet (HFD) is a risk factor for development of NAFLD in human subjects, and most animal models utilize HFD to induce NAFLD. Increased uptake of plasma free fatty acids (FFA) derived from lipolysis also significantly contributes to NAFLD development, as studies of liver-specific knockout of fatty acid transporters, FATP-2 and FATP-5 report protection from NAFLD development [20, 21] , whereas liver-specific overexpression of fatty acid translocase (CD36) exacerbates the condition [22] . In this review, however, we will focus on hepatic DNL as a central abnormality in development of NAFLD.
De novo lipogenesis is a process by which lipids are endogenously synthesized from dietary sources, usually carbohydrates, or stored energy depots. The process may be divided into three sequential steps: fatty acid synthesis, fatty acid elongation/desaturation, and assembly into triglycerides. Dietary carbohydrates, mainly consumed either as starch (glucose polymer) or table sugar (sucrose, a glucose-fructose disaccharide), are broken down to six carbon monosaccharides, glucose or fructose, whose metabolism converges onto production of three carbon intermediates, glyceraldehyde-3 phosphate (GA3P) and dihydroxyacetone phosphate (DHAP). These intermediates may be interconverted or further metabolized to pyruvate, the end product of cytoplasmic carbohydrate metabolism (reviewed in [23] .
Pyruvate may enter mitochondria, where it is converted to acetyl-CoA, to be used in tricarboxylic acid (TCA) cycle (also known as citric acid cycle), for energy production. When energy stores are plentiful, TCA intermediates accumulate, and citrate is transported back into the cytoplasm by mitochondrial tricarboxylate transport system [24] . Citrate is converted to acetyl-CoA, by the action of adenosine triphosphate citrate lyase (ACL), which is the first step of endogenous fatty acid synthesis (Fig. 1) . Furthermore, citrate is an allosteric activator of cytoplasmic acetyl-CoA carboxylase (ACC), whose action is to convert acetyl-CoA to malonyl-CoA, thus initiating DNL [25, 26] . Malonyl-CoA is the primary carbon source utilized for endogenous fatty acid synthesis [27] . Fatty acid synthase (FAS) sequentially utilizes malonyl-CoA to extend the growing fatty acyl chain by two carbons, forming a 16 carbon saturated fatty acid, palmitate, the major product of fatty acid synthesis. Enzymatic action of ACC is the key regulatory step of endogenous lipid synthesis. When rates of DNL are high, malonyl-CoA accumulates in the cytoplasm and inhibits carnitine palmitoyltransferase 1alpha (CTP1a), the rate-limiting enzyme of fatty acid transport and utilization in mitochondria. This ensures that a futile cycle of fatty acid synthesis and degradation does not occur simultaneously. Furthermore, increased cytoplasmic concentrations of palmitate allosterically inhibit ACC activity and reduce rates of DNL. ACC may also be inhibited by cyclic adenosine monophosphate (AMP)-dependent phosphorylation induced by glucagon or by AMP-activated protein kinase (AMPK) (reviewed in [28] ), providing further negative feedback on the process. Palmitate (C16:0) is the primary fatty acid synthesized endogenously (reviewed in [29] ), but it may be elongated to the 18-carbon fatty acid stearate or to longer fatty acids by the enzyme elongation of very long-chain fatty acids protein 6 (ELOVL6). Both palmitate and stearate may be desaturated to form palmitoleate (16:1) and oleate (18:1), respectively, by stearoyl-CoA desaturase 1 (SCD1), which converts saturated to monounsaturated fatty acids. Once fatty acids are synthesized, elongated, and desaturated, they may be esterified to the glycerophosphate backbone that is also supplied by carbohydrate metabolism to form more complex lipids, including triglycerides. Carbohydrates are metabolized to three carbon intermediates dihydroxyacetone phosphate (DHAP) and glyceraldehyde three phosphate (GA3P) which are further metabolized to pyruvate. Pyruvate enters mitochondria to be used for energy production. When energy stores are plentiful, citrate is transported to cytoplasm where by the action of ATP citrate lyase (ACL) it is converted to acetyl-CoA. Acetyl-CoA carboxylase (ACC) converts acetyl-CoA to malonyl-CoA. Fatty acid synthase (FAS) sequentially adds acetyl-CoA to growing fatty acid chain to form saturated fatty acids, mainly palmitate. Palmitate may be further elongated to stearate or longer fatty acids by the action of elongation of very long-chain fatty acids (ELOVL6). Stearoyl-CoA desaturase 1 (SCD1) converts saturated fatty acids to monounsaturated fatty acids. Glycerol-3-phosphate acyltransferase (GPAT) adds acyl-CoA to glycerol-3 phosphate (G3P) to form lysophosphatidic acid (LPA). The enzymatic action of 1-acylglycerol-3-phosphate acyltransferase (AGPAT) adds second acyl-CoA to produce phosphatidic acid (PA), which is then dephosphorylated by lipin1 (LPIN1) to form 1,2-diacylglycerol (DAG). Diacylglycerol acyltransferase (DGAT) converts diacylglycerols into triglycerides (TG), which may be stored in the liver or assembled into VLDL and exported to circulate in the blood. Dietary lipids or adipocyte lipolysis supplies free fatty acids, which are converted in hepatocytes to acetyl-CoAs. They may be used in mitochondria for energy production or be exported back to cytosol as citrate and used for de novo lipogenesis similar to carbohydrates. Additionally, acetyl-CoA may be directly assembled into TGs by the action of DGAT bypassing the majority of enzymes involved in de novo lipogenesis. Proteins are degraded to amino acids, some of which may be used for gluconeogenesis and/or ketogenesis The first step of triglyceride assembly is catalyzed by glycerol-3-phosphate acyltransferase (GPAT), which adds acyl-CoA to glycerol-3 phosphate to form lysophosphatidic acid. The enzymatic action of 1-acylglycerol-3-phosphate acyltransferase (AGPAT) adds second acyl-CoA to produce phosphatidic acid, which is then dephosphorylated by lipin1 (LPIN1) to form 1,2-diacylglycerol. Unsaturated fatty acids such as oleate are preferentially utilized for the addition of the third fatty acyl-CoA because its cis double bond is oriented away from the triglyceride core. Some studies suggest that oleate thus promotes triglyceride synthesis and thereby protects against palmitate-induced lipotoxicity [30] . This final step of triglyceride synthesis is catalyzed by diacylglycerol acyltransferase (DGAT), which converts diacylglycerols into triglycerides. This step is critical because the hepatic accumulation of diacylglycerol is associated with insulin resistance, while liver accumulation of biochemically inert triglycerides may be dissociated from insulin resistance. We and others showed that 1,2-diacylglycerols induce insulin resistance by activating novel and atypical isoforms of protein kinase C (PKC) [31] [32] [33] [34] (reviewed in [35] ) and perhaps to a lesser extent classical PKCs [36] . In support of this mechanism, the hepatic concentration of diacylglycerols is increased in patients with NALFD [37] . In mice, liver-specific overexpression of DGATs does not result in insulin resistance in spite of augmented accumulation of triacylglycerol in the liver [38] . Conversely, suppression of DGAT2 in mice decreases diacylglycerol concentrations and PKC activation and may increase hepatic insulin sensitivity [39] .
Evidence that De Novo Lipogenesis Is Prominent Abnormality in NAFLD
Traditionally, hepatic DNL has not been considered a major contributor to stored liver lipids. This notion was based on initial estimates, showing that \5 % of stored triglycerides were derived from DNL [40] . However, these initial studies were performed under fasting conditions, when lipid synthesis is at a nadir [41, 42] and on lean subjects who have much lower rates of lipogenesis than obese and insulin-resistant patients [43] . A more recent analysis of obese patients with NAFLD found that while 60 % of liver triglycerides are derived from plasma free fatty acid, which themselves are derived from adipose tissue lipolysis, 26 % of liver fat in these individual came from DNL and another 15 % from dietary fat [44] . However, it was not until a study comparing obese individuals with high versus low liver-fat content that DNL emerged as a central factor in NAFLD (Fig. 2) [45] . In this study, Lambert et al. demonstrated that the contribution of fatty acids from DNL was 3.5-fold greater in the high liver-fat group (0.14 ± 0.03 mmol/L) as compared to low liver fat group (0.04 ± 0.01 mmol/L). In these individuals, the proportion of hepatic triglycerides deriving from dietary source was not different (5 % in both groups), and the proportion of triglycerides synthesized from plasma FFA in low liver-fat group was significantly higher than in high liver-fat group (52 vs. 38 %). By contrast, triglycerides synthesized via DNL were significantly higher in high liver-fat group, compared to low liver-fat group (10 vs. 23 %) [45] . This study suggests that while adipose-derived FFA contribute the largest proportion of liver triglycerides in subjects with normal liver fat, the contribution of this pathway does not increase in NAFLD subjects, whereas hepatic DNL does increase in this patient population. When taken together, the data from this study indicate that the primary difference in nutrient homeostasis in individuals with and without NAFLD is attributed to hepatic DNL.
Other studies have presented data that support the concept that increased DNL may be a dominant abnormality in NAFLD [46] and substantiated the claim that DNL is significantly increased in subjects with NAFLD compared with healthy controls [46, 47] . In one study, short-term carbohydrate overfeeding for 3 weeks increased liver fat by 27 %, while total body weight increased by only 2 %. Conversely, following 6 months of a hypocaloric diet, the same subjects lost 25 % of liver fat and 4 % of body weight [48] . Tracer studies have further demonstrated that fructose is acutely (during short 4-h observation period) incorporated into both glycerol and FFA, the two components of triglycerides, whereas glucose was not incorporated into triglycerides [49] . Thus, fructose strongly supports DNL, a dominant driver of NAFLD pathogenesis.
Enzymes of De Novo Lipogenesis and NAFLD
The importance of endogenous DNL to NAFLD development may also be inferred from studies utilizing genetically engineered mice with single-enzyme perturbation in this pathway (reviewed in [50, 51] . Enzymes involved in hepatic fatty acid synthesis pathway including ACL, ACC, FAS, SCD1, and ELOVL6 have been studied extensively in mice, both as global and liver-specific knockouts.
The first enzyme of DNL is adenosine triphosphate citrate lyase. Global knockout of ACL results in utero death, indicating the essential role of DNL in embryonic development [52] . On the other hand, pharmacologic inhibition of ACL results in hypolipidemia and resistance to high-fat diet (HFD)-induced obesity [53] [54] [55] . Furthermore, knockout of ACL in the liver markedly reduces rate of hepatic DNL, resulting in protection against hepatic steatosis and insulin resistance in obese, hyperglycemic db/ db mice [56] . Wang et al. [57] found diet-specific effects, where knockdown of ACL resulted in increased liver triglycerides and increased protein levels of FAS and ACC1 on low-fat diet, while on HFD, FAS was decreased with no changes in ACC1. This suggests that a relatively high-carbohydrate chow diet is sufficient to overcome the loss of ACL. Indeed, ACL is nutritionally regulated with relatively low expression in fasting and a dramatic upregulation upon refeeding, especially when feeding involves a high-carbohydrate, low-fat diet [58] .
The second enzyme involved in hepatic DNL, acetylCoA carboxylase exists as two isoforms. ACC1 is cytosolic and produces malonyl-CoA required for lipogenesis, while ACC2 is mitochondrial and is thought to be involved in the negative regulation of mitochondrial b-oxidation by modulating local malonyl-CoA levels. Similar to ACL, global inactivation of ACC1 leads to embryonic lethality [59] . On the other hand, global ACC2-knockout mice have normal lifespan and are leaner than controls due to increased mitochondrial fatty acid oxidation [60] . In addition, some but not all studies have suggested that global ACC2 knockout mice are protected against the development of obesity, diabetes, and NAFLD when fed high-fat highcarbohydrate (HFHC) diet [59, 61, 62] .
To further elucidate the role of ACC1 in liver DNL, two liver-specific ACC1-knockout mouse models have been generated using Cre-lox/P system [63, 64] . Mao et al. reported that on standard chow diet ACC1 knockout mice accumulate less triglycerides in their livers and have decreased malonyl-CoA levels. When fed a fat-free diet for 10 days, mice with liver-specific ACC1 knockout had significant upregulation of several enzymes in the fatty acid synthesis pathway, again indicating that dietary carbohydrates may compensate for a loss of single DNL enzyme [63] . Surprisingly, in a study by Harada et al. [64] , liverspecific ACC1 knockout did not alter hepatic DNL or malonyl-CoA levels; however, hepatic DNL was completely inhibited by the dual ACC1 and ACC2 inhibitor, 5-tetradecyloxy-2-furancarboxylic acid. In both of these models, compensatory upregulation in ACC2 expression was observed, making the interpretation of ACC1 knockout in these studies challenging.
An alternative approach to study hepatic DNL was achieved by liver-specific knock down utilizing antisense oligonucleotide (ASO) inhibitors targeting ACC1 and/or ACC2 [65] . This approach did not result in compensatory increase in the non-targeted isoform, perhaps due to limited knock down, which left 20 % of residual ACC1 and ACC2 expression. In vitro suppression of ACC1 inhibited lipogenesis in primary rat hepatocytes, whereas a similar reduction in ACC2 had no effect. Furthermore, when rats were fed high-fat diet, the synergic inhibition of ACC1 and ACC2 was required to significantly reduce hepatic malonyl-CoA concentrations, lower hepatic lipids, and improve hepatic insulin sensitivity [65] . Similar to ACL regulation, carbohydraterich diets increase expression and activity of both ACC isoforms, while starvation and diabetes decrease it [66] .
The importance of DNL in embryonic development was once again demonstrated with global inactivation of FAS, resulting in embryonic lethality [67] . By contrast, liverspecific FAS knockout did not result in noticeable metabolic derangements in mice on chow diet, but when challenged with low-fat/high-carbohydrate diet, these mice surprisingly developed hepatic steatosis. This was due to a reduction in b-oxidation and was accompanied by a threefold increase in hepatic malonyl-CoA concentrations and a significant decrease in blood ketone bodies [68] . These data suggest that palmitate, synthesized via the action of FAS, may stimulate the nuclear receptor PPARa and lead to enhanced b-oxidation [69] .
Mice with a global knockout of stearoyl-CoA desaturase are protected from a high-carbohydrate high-fat (HCHF) diet-induced or genetically induced obesity and show decreased lipogenic gene expression coupled with increased b-oxidation [70, 71] . Interestingly, liver-specific SCD1 knockout mice are protected from obesity and hepatic steatosis induced by high-carbohydrate diet, but not from hepatosteatosis induced by HFD. Furthermore, oleate, but not stearate, supplementation can normalize adiposity and hepatic lipogenesis in liver-specific SCD1 knockout mice. Others who inhibited or knocked out SCD1 in the liver reported prevention of many of the HFHC diet-induced metabolic complications, including hepatic steatosis and hyperglycemia [72] [73] [74] . In these studies, the protective effect of SCD1 ablation on hepatic steatosis has been attributed to a decrease in lipogenic rates combined with activation of the b-oxidation pathway. SCD1 is also nutritionally regulated, especially by high-carbohydrate diet [75] .
Global Elovl6 knockout mice gain significantly less weight when fed either chow or HFHC diet, but they do become obese and develop hepatic steatosis when fed HFHC diet for 12 weeks. Despite the fatty liver, these mice showed marked protection from insulin resistance and have enhanced insulin sensitivity. This is associated with suppression of PKCe activity and restoration of insulin receptor substrate-2 protein in the liver. Improvement in insulin signaling occurred despite the accumulation of palmitate, which is a potent inducer of insulin resistance, at least in primary hepatocyte cultures [76] . These results are in agreement with the above-mentioned studies of FAS knockout mice that identify palmitate as an activator of PPARa, which promotes fatty acid oxidation. Studies utilizing genetic or adenoviral overexpression of Elovl6 reported development of liver inflammation and progression to NASH [77] . However, a more recent study of global Elovl6 knockout did not confirm these findings [78] , perhaps explaining why liver-specific Elovl6 mice have yet to be reported.
Taken together, single-enzyme knockout studies in mice lend support to a key link between DNL and NAFLD development because perturbations in the expression of these genes, in most instances, altered the propensity to develop fatty liver. Moreover, enzymes of DNL are nutritionally regulated and carbohydrate-rich diets generally overcome the loss of a single enzyme and rescue liver lipogenesis. Studies in knockout mice are further intriguing because DNL was decreased in some instances and increased in others, and the concomitant effects on insulin responsiveness were also variable. These findings suggest that the hepatic fatty acid composition, rather than total hepatic triglyceride accumulation, is important for development and progression of NAFLD. Lipidomic analysis of NAFLD livers supports the assertion that specific types of hepatic lipid deposition may predict development of liver damage and NALFD progression better than the total liver fat content [37] . Future studies are needed to investigate whether upregulation of specific enzymes of DNL and accumulation of different lipid species preferentially give rise to either macrovesicular or microvesicular steatosis, especially since some evidence suggests that microvesicular steatosis is associated with mitochondrial dysfunction and progression of NAFLD [79] .
Fructose Promotes Robust De Novo Lipogenesis
The major risk factor for development of NAFLD is excess calorie intake, which is mainly derived from overconsumption of high-fat foods and increased intake of sugarsweetened beverages. In mouse models and human studies, a HFD has long been recognized as a risk factor for development of NAFLD, while restriction of HFD intake leads to improvement in fatty liver. Furthermore, some studies have shown that HFD is sufficient to induce progression of NAFLD to NASH [80] , whereas others claim that only certain fats, such as saturated trans-fats, are harmful [81] .
In population-based studies, overconsumption of refined sugar is a risk factor for development of obesity, diabetes, and NAFLD. In fact, countries that use high fructose corn syrup (HFCS) in their food supply have a 20 % higher prevalence of diabetes compared to countries that did not use HFCS, independent of obesity [82] . Today the most commonly consumed sugar in the USA is HFCS [83] . In research studies, consumption of fructose, but not glucosesweetened drinks, has been associated with increased visceral adiposity, insulin resistance, and increased hepatic DNL [84] [85] [86] . A study in obese patients undergoing bariatric surgery found that higher carbohydrate intake was associated with significantly higher odds of hepatic inflammation, whereas higher fat intake was associated with significantly lower risk of inflammation [87] . Furthermore, increased fructose intake in humans has been linked with progression of liver disease to fibrosis [88] , while fructose restriction leads to improvement in NAFLD [89] [90] [91] . Additional studies have found that fructose consumption is increased nearly twofold to threefold in adults with biopsy-proven NAFLD [92] [93] [94] .
Similar observations have been made in a pediatric population, wherein increased sugar intake was observed in children with NAFLD compared to obese children without NAFLD [95] . Children in particular may be at greater risk to experience negative metabolic effects linked to fructose consumption because their sugar intake tends to be greater than that of adults. A recent analysis of NHANES III data showed that adolescents consume 17 % of their calories from sugar, similar to sugar consumption of young adults 18-34 years of age, but considerably more compared to older adults, who consumed only 11 % of total energy from sugar [96] . Furthermore, children with NAFLD may be more sensitive to the adverse metabolic effects of fructose than children without NAFLD as they more effectively metabolize fructose [97] . Fructose potentiates its own metabolism through upregulation of ketohexokinase (KHK), the first step of fructose metabolism. KHK expression is increased in patients with NAFLD, and inhibition of KHK leads to decreased fatty liver and decreased liver inflammation in mice fed high-fat high-sucrose diet [98] . Dietary fructose can also contribute to development of liver fibrosis in some murine models of NASH [99] [100] [101] .
Whereas diets rich in both fat and fructose contribute to the development of NAFLD, fructose itself more strongly upregulates enzymes of DNL than does fat. In our own studies of mice fed chow or HFD diet, supplementation with 30 % fructose in the drinking water, fructose more robustly increased levels of ACC1, FAS, and SCD1 than HFD. Maratos-Flier and colleagues observed that mice fed a ketogenic diet ([90 % k calories from fat) actually lost weight and exhibited reduced rates of hepatic DNL and increased fatty acid oxidation [102] . Ketogenic diets also decreased expression of ACC, FAS, and SCD1 in liver, but these mice eventually developed NAFLD after 12 weeks [103] . The development of NAFLD in this setting may have been related to the fact that the ketogenic diet used in these studies (Bio-Serv F3666) was deficient in protein, as well as methionine and choline [104] , both factors which promote development of NAFLD in mice. In human studies, a high-carbohydrate, eucaloric diet supports DNL more than an equivalent diet containing less carbohydrates and more fat [105] . Hellerstein et al. observed that normal weight subjects on weight-maintaining low-fat, high-carbohydrate diet (10 % fat, 70 % CHO) for 3 weeks had higher rates of DNL than subjects on diet with a typical carbohydrate to fat ratio [105] .
Additional Reasons Why Fructose May Be Lipogenic
There are additional theoretical explanations as to why fructose may be a more potent stimulator of DNL than HFD (Fig. 3) . First, fructose, as all other carbohydrates, is absorbed from the intestine into the portal vein and delivered directly to the liver. It is only after the first-pass metabolism through the liver that dietary carbohydrates may enter systemic circulation. Macronutrient and insulin concentration in the portal circulation may be 10 times higher than in the systemic circulation [106] . Thus, the liver is exposed to much higher carbohydrate load than the rest of the metabolically active tissues. By contrast, long-chain fatty acids absorbed from the intestine as chylomicron particles first enter the lymphatic circulation from which they eventually enter systemic circulation via thoracic duct. Thus, the Fig. 3 Lipogenic potential of fructose. Dietary lipids are absorbed from the intestine via lymphatic system and are equally available to all metabolically active tissue. Dietary carbohydrates are absorbed from the intestine via portal vein and directly reach the liver. More than 90 % of fructose is metabolized by the liver via first-pass metabolism. Fructose may directly upregulate transcriptional factors regulating de novo lipogenesis or may do so indirectly by inducing ER stress, insulin resistance, and decreased mitochondrial metabolism leading to the production of uric acid and reactive oxygen species concentration of dietary fat that the liver is exposed to is the same as any other metabolically active tissue. This, taken together with the distribution of lipoprotein lipase in capillaries of muscle and fat tissue, results in chylomicrons being largely metabolized by non-hepatic tissue [107] . The second reason why fructose robustly stimulates DNL is that carbohydrates are metabolized to the two carbon intermediate acetyl-CoA and activate the lipogenic transcriptional factors SREBP1c and ChREBP in the liver, stimulating every step of DNL which converts the acetyl-CoA into triglycerides. By contrast, fatty acids may be directly incorporated into triglycerides through the action of a single enzyme, DGAT, thus bypassing the vast majority of enzymes involved in DNL and failing to activate the same lipogenic transcriptional factors.
Fructose metabolism and DNL are similar in regard to energy balance as both processes require hepatic ATP expenditure. DNL requires ATP in order to synthesize lipids from dietary carbohydrates, while rapid phosphorylation of fructose to fructose-1 phosphate depletes hepatic ATP levels and leads to uric acid production [108] . This step is catalyzed by KHK, the first enzyme of fructose metabolism. The phosphorylation of fructose by KHK in liver is 10 times faster than phosphorylation of glucose by glucokinase (GCK) [109] . Therefore, serum fructose levels following ingestion of 1 g/kg oral fructose reach only 0.5 mM, whereas glucose levels rise to 10 mM in response to a similar oral glucose challenge [110] . Following an IV fructose load in healthy human subjects, hepatic ATP levels drop within 5 min with concomitant increase in inorganic phosphate and phosphate monoesters [111] . While inorganic phosphate and phosphate monoester levels return to normal within 10 min, ATP levels continue to be suppressed for at least 60 min. This decrease in ATP is entirely dependent on KHK activity. A study of diabetic subjects revealed that high dietary fructose intake leads to lower hepatic ATP levels as long as 50 min after a fructose load [112] . This prolonged reduction in ATP levels is puzzling because fructose blood levels in mice peak at 5 min following an IP fructose load and decreased fourfold by 30 min [113] . Thus, the decrease in ATP and phosphorylation of fructose to fructose-1 phosphate should also peak at 5 min since there is less substrate to metabolize after that point. Prolonged ATP depletion lasting much longer than peak blood fructose levels indicates that other reactions in addition to phosphorylation of fructose must contribute to decreased ATP levels in the liver. One of these processes may be fructose-induced DNL, which decreases mitochondrial ATP production by inhibiting mitochondrial beta-oxidation via increased malonyl-CoA levels. Patients with NAFLD exhibit reduced hepatic ATP levels [114, 115] , perhaps owing to increased rates of DNL.
The Role of Insulin in Hepatic DNL
Insulin strongly promotes hepatic DNL through activation of the major transcriptional regulator of lipogenesis, sterol regulatory element binding protein (SREBP)-1c, which induces the entire cascade of genes necessary for the synthesis of fatty acids [116, 117] . Insulin in a concentration dependent manner also stimulates hepatic uptake of FFA, which further supports DNL [118] . The importance of insulin signaling in hepatic lipogenesis is indicated by the fact that mice with liver-specific insulin receptor knockout exhibit decreased hepatic expression of SREBP1c and its transcriptional targets [119, 120] and do not develop steatosis in spite of developing hyperglycemia and hyperinsulinemia [121] . In states of insulin resistance such as obesity and NALFD, insulin continues to support DNL, while its capacity to reduce hepatic gluconeogenesis is impaired. This has been referred to as selective insulin resistance. Insulin signaling is mediated by a complex, highly integrated network, which controls many cellular processes [122, 123] , so it is quite possible that insulin resistance impairs some pathways more than others. However, others have proposed that dietary macronutrients, especially fructose, may mediate lipogenesis in the setting of complete insulin resistance [124] .
Fructose, unlike glucose, does not require insulin for its metabolism, and acute fructose feedings do not stimulate significant insulin secretion. Chronic fructose ingestion, on the other hand, can lead to hyperinsulinemia and insulin resistance. SREBP1c nuclear translocation, as well as concomitant increases in ACC, FAS, and SCD1, can be induced by fructose feedings even in mice with liver-specific knockout of insulin receptor, indicating that fructose can stimulate lipogenesis in the setting of a complete lack of insulin signaling [124] . A second mechanism by which fructose may stimulate lipogenesis is by promoting ER stress. ER stress leads to activation of the transcription factor XBP1s [125] , which upregulates lipogenic enzymes. Liverspecific XBP1s knockout mice exhibit decreased expression of ACC, FAS, and SCD1 [126] . Likewise, XBP1s has been shown to be elevated in liver biopsies from obese subjects undergoing bariatric surgery and declines following weight loss [127] . Lee et al. [125] have demonstrated a marked induction of hepatic XBP1s in mice fed a 60 % fructose diet. A third insulin-independent mechanism by which fructose may support lipogenesis is through induction of uric acid synthesis. As noted above, fructose leads to ATP depletion and increases in ADP and IMP, which is converted to uric acid. It has been proposed that uric acid can promote hepatic steatosis through generation of mitochondrial oxidative stress [128, 129] . Fructose metabolism also generates reactive oxygen species [5] , and nutrient-derived ROS may augment hepatic steatosis through insulin-independent activation of phosphoinositide 3-kinase pathway [130] .
Summary and Future Perspective
In summary, dietary fructose consumption has dramatically increased over the last century, and this has been associated with increased prevalence of obesity, insulin resistance, and fatty liver disease. Fructose intake has also been linked with progression of liver disease, whereas fructose avoidance leads to improvement in NAFLD. Fructose metabolism has many unique aspects, the most important of which is its ability to support enhanced hepatic DNL. Studies in both rodents and humans indicate that hepatic DNL is a central abnormality in development of NAFLD. Fructose stimulates lipogenesis in insulin-independent manner, and it induces insulin resistance by activating novel PKC isoforms and by generating lipid intermediates that themselves may promote progression of fatty liver disease. Hepatic DNL, dietary intake, and adipocyte lipolysis are all important contributors to NALFD. Because dietary interventions generally fail to achieve sustained responses and targeting adipocyte lipolysis is technically more challenging, targeting hepatic DNL or fructose metabolism may offer an attractive approach to the pharmacologic management of NAFLD.
Key Messages
• Population-wide increases in total energy intake are accounted in large part by increased carbohydrate consumption.
• Hepatic DNL is a prominent abnormality in NAFD.
• Dietary fructose robustly supports DNL, even in the setting of insulin resistance.
• Inhibition of a single-enzyme-regulating DNL may result in the resolution of experimental NAFLD in mice. However, carbohydrate feeding may overcome a loss of a single lipogenic enzyme.
• Inhibition of fructose metabolism and DNL may offer an attractive approach to the pharmacologic management of NAFLD.
